Introduction {#sec1-1}
============

Bone marrow mesenchymal stem cells transplanted into the spinal cord promote nerve repair and regeneration (Keirstead et al., 2005; Oudega and Xu, 2006; Bottai et al., 2008; Tetzlaff et al., 2011; Ahn et al., 2013; Ren et al., 2013; Zhang et al., 2014a). Bone marrow mesenchymal stem cells migrate to the injured site and penetrate into the spinal cord parenchyma. Bone marrow mesenchymal stem cell proliferation and differentiation reduce spinal cord injury and promote the recovery of nerve function (Tetzlaff et al., 2011; Ren et al., 2013). The immunogenicity of bone marrow mesenchymal stem cells is very low; indeed, they exhibit immunosuppressive effects (Zhang et al., 2008). Moreover, bone marrow mesenchymal stem cells have many advantages, such as being readily transfected with exogenous genes, their ability to be used in autologous transplantation, and being simple to isolate and extract (Fehlings and Vawda, 2011). Bone marrow mesenchymal stem cells suppress local glial scar formation, contributing to the recovery of nerve function (Hu et al., 2010). They also regulate the local microenvironment of the injured spinal cord and promote its repair by neuroprotection and axonal growth stimulation (Urdzíková et al., 2014). The decisive factor for the outcome of bone marrow mesenchymal stem cell transplantation is not the number of transplants, but the number of bone marrow mesenchymal stem cells that successfully migrate to the injured region (Pal et al., 2010). Furthermore, Li et al. (2010) showed that multiple transplantations elevate the number of effective bone marrow mesenchymal stem cells and strengthen the recovery of nerve function in the injured spinal cord. Therefore, the migration of bone marrow mesenchymal stem cells to the injured site is an important factor in the treatment of spinal cord injury using bone marrow mesenchymal stem cells.

The expression of various cytokines, chemotactic factors and corresponding receptors, such as tumor necrosis factor-α, vascular endothelial growth factor, hepatocyte growth factor and platelet-derived growth factor, is upregulated in the injured spinal cord (Caplan and Correa, 2011). These factors and many signaling molecules in the microenvironment are involved in the targeted transport of bone marrow mesenchymal stem cells, which form a signal network inducing directional movement of bone marrow mesenchymal stem cells *in vivo* (Caplan and Correa, 2011). Interactions of chemokines and related receptors cause the migration of bone marrow mesenchymal stem cells to the site with craniocerebral injury (Tamama et al., 2010). However, it remains to be determined which chemokines regulate this targeted migration.

Microtubule-associated protein 1B (MAP1B), is first expressed during the development phase of the central nervous system and contains more than 33 phosphorylation sites, each producing a different biological effect. Phosphorylated MAP1B can be divided into type I (P1-MAP1B) and type II (P2-MAP1B), which are catalyzed respectively by proline-mediated protein kinase and casein kinase. Dephosphorylation is regulated by protein phosphatases 1 and 2A (Do et al., 2013). MAP1B and P1-MAP1B induce cytoskeletal rearrangement and promote axon growth, branching and regeneration through the regulation of actin and microtubules (Kuo et al., 2009). Meixner et al. (2000) confirmed that MAP1B exerts a crucial effect on axon guidance and neuronal migration. As a downstream signaling molecule, MAP1B is also regulated by many signaling molecules that are associated with axon regeneration, axon guidance and neuronal migration. The dynamic equilibrium of MAP1B and phosphorylated MAP1B after spinal cord injury plays a key role in axon regeneration and neuronal migration (Meixner et al., 2000). Vein transplantation of bone marrow mesenchymal stem cells induces their migration to the injured spinal cord, promoting recovery (Urdzíková et al., 2006). Such targeted migration may be involved in the regulatory effects of various factors on bone marrow mesenchymal stem cells and the activation of related signal transduction pathways. After spinal cord injury, upregulated expression of MAP1B specifically controls axon guidance and neuronal migration. We therefore hypothesized that the dynamic equilibrium between MAP1B and P1-MAP1B is associated with targeted migration to the injury site during bone marrow mesenchymal stem cell transplantation. In the present study, we disrupted this dynamic equilibrium to observe the effect on the targeted migration of bone marrow mesenchymal stem cells to the injured spinal cord, and investigated MAP1B-related signaling pathways in bone marrow mesenchymal stem cells and the relationship between MAP1B and P1-MAP1B.

Materials and methods {#sec1-2}
=====================

Subculture and identification of bone marrow mesenchymal stem cells {#sec2-1}
-------------------------------------------------------------------

OriCell^™^ rabbit bone marrow mesenchymal stem cells (Cyagen Biosciences, Guangzhou, Guangdong Province, China) were seeded in T25 culture flasks. Sufficient rabbit bone marrow mesenchymal stem cell complete medium (Cyagen, Santa Clara, CA, USA) was added to the culture flask, which was placed in a 5% CO~2~ moisturizing incubator at 37°C. When the cells reached 80--90% confluency, the medium was discarded. Bone marrow mesenchymal stem cells were subcultured by digestion in 100 mL PBS containing 0.25 g trypsin and 0.04 g ethylenediamine tetraacetic acid. Bone marrow mesenchymal stem cells were viewed under a light microscope (Olympus, Tokyo, Japan). Single cell suspensions (1 × 10^5^/mL) were prepared for further use. Bone marrow mesenchymal stem cells from passages 2, 4 and 6 were measured for 7 consecutive days, as described previously (Kuo et al., 2009). In brief, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide (MTT; 5 mg/mL, 10 μL/well) and dimethyl sulfoxide working solution (150 μL/well) were added to the culture plate and mixed. Optical density values were measured at 490 nm using a microplate reader (TECAN, Berlin, Germany). A growth curve was drawn and cell viability was calculated. Passage 4 bone marrow mesenchymal stem cells were incubated with specific mouse anti-rabbit CD34 (1:3,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and CD45 (1:3,000; Santa Cruz Biotechnology) monoclonal antibodies. Cell surface antigens were identified using a flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) (Meixner et al., 2000; Kuo et al., 2009).

Tracking migration of bone marrow mesenchymal stem cells using CM-DiI dye {#sec2-2}
-------------------------------------------------------------------------

CM-DiI dye (4 μg/mL; Molecular Probes, Eugene, OR, USA) was added to a single-cell suspension from a primary culture of bone marrow mesenchymal stem cells. CM-DiI-labeled bone marrow mesenchymal stem cells were measured using flow cytometry.

Detection of protein phosphatase 2A and MAP1B expression in bone marrow mesenchymal stem cells using immunohistochemistry {#sec2-3}
-------------------------------------------------------------------------------------------------------------------------

A single-cell suspension from primary bone marrow mesenchymal stem cells was cultured in Dulbecco\'s modified Eagle\'s medium containing 10% fetal bovine serum. Samples were incubated with mouse anti-rat protein phosphatase 2A (1:2,000) and MAP1B (1:3,000) monoclonal antibodies (Abcam, Cambridge, MA, USA) at room temperature for 2 hours, and then washed with PBS three times for 5 minutes each. The samples were then incubated with rabbit anti-mouse horseradish peroxidase-labeled secondary antibody (1:4,000; Abcam) for 50 minutes, and then washed three times as before. All samples were observed under a light microscope (Olympus).

Experimental groups and intervention {#sec2-4}
------------------------------------

Bone marrow mesenchymal stem cells were randomly assigned to an agonist group, an inhibitor group and a control group. Bone marrow mesenchymal stem cells in the inhibitor and agonist groups were treated with the protein phosphatase 2A inhibitor okadaic acid (100 μmol/mL; Sigma, St. Louis, MO, USA) and the protein phosphatase 2A agonist N-acetyl-D-erythro-sphingosine (50 μmol/mL; Sigma) respectively, for 24 hours. Growth curves of bone marrow mesenchymal stem cells in each group were measured using the MTT assay.

Establishment of spinal cord contusion models {#sec2-5}
---------------------------------------------

A total of 96 healthy 6-month-old specific-pathogen-free New Zealand rabbits weighing 2.3--2.5 kg, irrespective of gender, were provided by the Experimental Animal Center, Jilin University, China (animal license No. SCXK (Ji) 2008-0004). All rabbits were housed in a positive-pressure airtight room. The protocols were approved by the Animal Ethics Committee, Jilin University, China. Rabbits were equally and randomly divided into an inhibitor group, an agonist group, a bone marrow mesenchymal stem cell group and a model group. Spinal cord ischemic injury models were established in each group as described previously (Urdzíková et al., 2006). In brief, rabbits were anesthetized with sodium pentobarbital (40 mg/kg) through the ear vein. Bilateral L~3--5~ lumbar arteries were bluntly isolated, and occluded with a vascular clamp for 25 minutes. After removal of the vascular clamp, the incision was sutured. Motor function was evaluated using the modified Tarlov scale after spinal cord injury. Rabbits scoring less than 3 were considered successful models (Urdzíková et al., 2006).

Bone marrow mesenchymal stem cell transplantation {#sec2-6}
-------------------------------------------------

Seven days after model establishment, rabbits in the inhibitor, agonist, bone marrow mesenchymal stem cell and model groups were injected through the ear vein with 1 mL bone marrow mesenchymal stem cells treated with okadaic acid for 24 hours (1 × 10^7^/mL), 1 mL bone marrow mesenchymal stem cells treated with N-acetyl-D-erythro-sphingosine for 24 hours (1 × 10^7^/mL), 1 mL untreated bone marrow mesenchymal stem cells (1 × 10^7^/mL) or 1 mL physiological saline, respectively.

Bone marrow mesenchymal stem cell migration observed by laser scanning confocal microscope {#sec2-7}
------------------------------------------------------------------------------------------

Eight rabbits were selected randomly from each group at 2, 4 or 7 days after transplantation, and sacrificed by anesthesia with sodium pentobarbital (40 mg/kg) through the ear vein. L~3--5~ spinal cord tissue was obtained and freeze-sectioned. The sections were observed under a laser scanning confocal microscope (Nikon, Tokyo, Japan) at excitation and emission wavelengths of 553 and 570 nm, respectively.

Western blot assay for MAP1B phosphorylation {#sec2-8}
--------------------------------------------

MAP1B and P1-MAP1B expression levels were quantified in each group by western blot assay at 1, 3 and 5 days after intervention. The phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 (Cell Signaling Technology, Danvers, MA, USA) or the extracellular signal-regulated kinase 1/2 (ERK1/2) inhibitor U0126 (Sigma) were added to the bone marrow mesenchymal stem cell suspension. Protein was extracted by lysing the cells with 0.1 mmol/L NaCl, 10 mmol/L NaF, 1 mmol/L Na~3~VO~4~, 5 mmol/L ethylenediamine tetraacetic acid, 1 mmol/L okadaic acid, and protease inhibitors (2 mmol/L phenylmethyl sulfonylfluoride, 10 mg/mL aprotinin, 10 mg/mL leupeptin, and 10 mg/mL pepstatin), and protein was extracted. The control group did not receive any treatment. The gel was prepared and protein samples were added to 4 × loading buffer at a ratio of 3:1. The mixture was placed in a water bath at 100°C for 5 minutes, 60 μg protein/well. Pre-stained protein marker was added, and the proteins were separated by electrophoresis (80 V in the stacking gel and 160 V in the separating gel). Protein concentrations were determined by Bradford assay (Bio-Rad, Hercules, CA, USA). Equal amounts of protein were separated by sodiumdodecyl sulfate polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane at 4°C. The membrane was blocked and incubated at room temperature for 2 hours with mouse anti-rat MAP1B monoclonal antibody (1:2,000), mouse anti-rat P1-MAP1B monoclonal antibody (1:2,000; Abcam), and mouse anti-rat β-actin monoclonal antibody (1:3,000; Abcam). The membrane was washed three times, for 5 minutes each, and incubated with rabbit anti-mouse horseradish peroxidase-labeled secondary antibody (1:4,000) at room temperature for 50 minutes, and then washed again. The samples were visualized with enhanced chemiluminescence before photographing. Optical density values were calculated using Quantity One software (Bio-Rad, Hercules, CA, USA).

Statistical analysis {#sec2-9}
--------------------

The data were expressed as the mean ± SD, and one-way analysis of variance or independent samples *t*-tests were performed using SPSS 17.0 software (SPSS, Chicago, IL, USA). *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Bone marrow mesenchymal stem cell culture and identification {#sec2-10}
------------------------------------------------------------

MTT assay revealed that bone marrow mesenchymal stem cells entered the latent phase at 1--2 days, the logarithmic phase at 3--5 days, and the platform phase at 5 days, forming an "S"-shaped growth curve ([**Figure 1A**](#F1){ref-type="fig"}). In accordance with the growth curve, passage 4 bone marrow mesenchymal stem cells with good viability were selected for further experiments. Passage 4 bone marrow mesenchymal stem cells were plump and spindle-shaped, and a few were polygonal at 4 days of culture ([**Figure 1B**](#F1){ref-type="fig"}). Flow cytometry results revealed that bone marrow mesenchymal stem cells were negative for the hematopoietic stem cell markers CD34 and CD45 ([**Figure 1C**](#F1){ref-type="fig"}).

![Growth, morphology and surface antigens of subcultured bone marrow mesenchymal stem cells (BMSCs).\
(A) Growth curves of BMSCs from passages (P) 2, 4 and 6; (B) morphology of passage 4 BMSCs (inverted microscope). Scale bars: B1: 10 μm; B2: 5 μm); (C) flow cytometry shows surface antigens of rabbit BMSCs. CD34 (C1) and CD45 (C2): Negative reaction.](NRR-9-1688-g001){#F1}

Effects of tracker CM-DiI, pretreatment of protein phosphatase 2A inhibitor and agonist on bone marrow mesenchymal stem cells {#sec2-11}
-----------------------------------------------------------------------------------------------------------------------------

The cells appeared bright red after fluorescent labeling ([**Figure 2A**](#F2){ref-type="fig"}). Using flow cytometry, the labeling rate of passage 4 bone marrow mesenchymal stem cells reached 99.63% ([**Figure 2B**](#F2){ref-type="fig"}). Immunohistochemistry showed that MAP1B and protein phosphatase 2A were expressed in bone marrow mesenchymal stem cells ([**Figure 2C**](#F2){ref-type="fig"}). Western blot assay revealed that neither the inhibitor for protein phosphatase 2A, okadaic acid, nor the protein phosphatase 2A agonist N-acetyl- D-erythro-sphingosine, affected MAP1B expression in bone marrow mesenchymal stem cells (*P* \> 0.05); however, both significantly altered the expression of P1-MAP1B, especially at 1 and 3 days after intervention (*P* \< 0.05; [**Figure 2D**](#F2){ref-type="fig"}). The MTT assay showed that okadaic acid and N-acetyl-D-erythro-sphingosine suppressed bone marrow mesenchymal stem cell proliferation (*P* \< 0.05 at 7 days; [**Figure 2E**](#F2){ref-type="fig"}).

![Fluorescent labeling and pretreatment in bone marrow mesenchymal stem cells (BMSCs).\
(A) CM-DiI-labeled BMSCs are red and spindle shaped. Scale bar: 50 μm. (B) Flow cytometry: Labeling rate of CM-DiI reached 99.63%. (C) Im-munohistochemical staining of protein phosphatase 2A (PP2A) (C1) and microtubule-associated protein 1B (MAP1B) (C2) expression in BMSC cytoplasm. Scale bar: 100 μm. (D) Effects of okadaic acid and N-acetyl-D-erythro-sphingosine on P1-MAP1B content in BMSCs (western blot assay). (E) Effects of okadaic acid and N-acetyl-D-erythro-sphingosine on BMSC viability. Data were expressed as the mean ± SD. Experiment was conducted in triplicate. \**P* \< 0.05, *vs.* control group; \#*P* \< 0.05, *vs.* previous time point (one-way analysis of variance and independent samples *t*-test).](NRR-9-1688-g002){#F2}

Protein phosphatase 2A affected targeted migration of bone marrow mesenchymal stem cells during treatment of ischemic spinal cord injury {#sec2-12}
----------------------------------------------------------------------------------------------------------------------------------------

In the bone marrow mesenchymal stem cell group, few bone marrow mesenchymal stem cells were detected in the injured site at 2 days after transplantation, but the number gradually increased at 4 and 7 days. Protein phosphatase 2A inhibitor and agonist both delayed bone marrow mesenchymal stem cell migration. Bone marrow mesenchymal stem cells were detected in the injured site at 4 days after transplantation, increasing by 7 days. Moreover, there were fewer bone marrow mesenchymal stem cells in the agonist and inhibitor groups than in the bone marrow mesenchymal stem cell group. No red fluorescence was detectable in the injured site of rabbits injected with physiological saline (model group) ([**Figure 3**](#F3){ref-type="fig"}).

![Protein phosphatase 2A (PP2A) affected the targeted migration of bone marrow mesenchymal stem cells (BMSCs) during treatment of ischemic spinal cord injury (confocal laser scanning microscope).\
PP2A inhibitor and agonist delayed BMSC migration. There were fewer BMSCs in the inhibitor and agonist groups than in the BMSC group. Arrows show transplanted BMSCs. Red: CM-DiI-labeled cells. Scale bar: 100 μm. d: Days.](NRR-9-1688-g003){#F3}

PI3K and ERK1/2 regulated MAP1B phosphorylation levels in bone marrow mesenchymal stem cells {#sec2-13}
--------------------------------------------------------------------------------------------

PI3K inhibitor LY294002 and ERK1/2 inhibitor U0126 did not affect MAP1B contents in bone marrow mesenchymal stem cells (*P* \> 0.05), but had a considerable effect on MAP1B phosphorylation levels. Western blot assay showed that P1-MAP1B protein content was significantly greater after suppression of PI3K, but significantly lower after ERK1/2 suppression (*P* \< 0.01; [**Figure 4**](#F4){ref-type="fig"}).

![PI3K and ERK1/2 regulate MAP1B phosphorylation levels in bone marrow mesenchymal stem cells (BMSCs).\
(A) Immunoblot results of MAP1B and P1-MAP1B expression levels in BMSCs. (B) Quantitative expression of P1-MAP1B in BMSCs. Data were expressed as the mean ± SD. Experiment was performed in triplicate. \**P* \< 0.05, *vs*. control group (one-way analysis of variance and independent samples *t*-test). ERK1/2: Extracellular signal-regulated kinase 1/2; PI3K: phosphatidylinositol 3-kinase; MAPIB: microtubule-associated protein 1B; U0126: ERK1/2 inhibitor; LY294002: PI3K inhibitor.](NRR-9-1688-g004){#F4}

Discussion {#sec1-4}
==========

Bone marrow mesenchymal stem cell viability was good after resuscitation. Most cells were plump and spindle-shaped after proliferation. There were some unusually-shaped cells but they did not affect the proliferation of bone marrow mesenchymal stem cells. During culture, cells adhered to the wall. The growth curve of cultured cells was "S"-shaped. Flow cytometry showed that cultured cells did not express the hematopoietic lineage markers CD34 and CD45, confirming that bone marrow mesenchymal stem cells had successfully been obtained. CM-DiI was used to label bone marrow mesenchymal stem cells for tracking because of its staining for over 3 weeks (Fan et al., 2008). The labeling rate of living cells as detected by flow cytometry was 99.63%.

Meixner et al. (2000) believed that MAP1B played an important role in the development of the central nervous system in animals, and Gong et al. (2000) found that protein phosphatase 2A mediated MAP1B dephosphorylation. In the present study, we found that protein phosphatase 2A and MAP1B are distributed extensively in the cytoplasm of rabbit bone marrow mesenchymal stem cells, so we sought to regulate P1-MAP1B levels by modulating protein phosphatase 2A activity. Takai et al. (1987) confirmed that okadaic acid is a specific protein phosphatase inhibitor that selectively inhibits protein phosphatase 1 and, in particular, protein phosphatase 2A, whereas N-acetyl-D-erythro-sphingosine elevates protein phosphatase 2A activity (Dobrowsky et al., 1993). P1-MAP1B expression was noticeably greater in cells treated with the inhibitor, because okadaic acid reduced protein phosphatase 2A activity. Thus, MAP1B dephosphorylation was inhibited, and P1-MAP1B expression was ultimately increased. Conversely, P1-MAP1B expression was significantly lower in bone marrow mesenchymal stem cells of the agonist group. Together, these results suggest that there is a strong relationship between protein phosphatase 2A and MAP1B dephosphorylation. The results from the present study show that pretreatment of okadaic acid and N-acetyl-D-erythro-sphingosine affect cell viability, but the cells exhibit a logarithmic growth phase, which can be used in subsequent research.

Several previous studies have shown that early focal ischemia, necrosis, and toxic substances (such as oxygen free radicals and resolvase) in the spinal cord are not conducive to bone marrow mesenchymal stem cell survival and migration (Park et al., 2011; Ren et al., 2013; Torres-Espín et al., 2014). Seven days after injury, unfavorable factors subsided and the concentrations of various inflammatory factors and chemotactic factors in the spinal cord were at a level that promoted bone marrow mesenchymal stem cell migration. Stem cell transplantation 5--7 days after injury contributes to the recovery of neurological function (Park et al., 2011; Ren et al., 2013; Torres-Espín et al., 2014). We therefore transplanted bone marrow mesenchymal stem cells 7 days after model establishment. Pal et al. (2010) confirmed that the therapeutic effect of bone marrow mesenchymal stem cells was ideal when the number of transplanted cells was 5 × 10^6^/kg, whereas Li et al. (2011) demonstrated that mesenchymal stem cell transplantation (5 × 10^7^) for treating femoral head necrosis did not induce immune rejection. Therefore, we selected 1 × 10^7^ per animal as the dose of bone marrow mesenchymal stem cells to inject. The growth and viability of CM-DiI-labeled bone marrow mesenchymal stem cells were slightly low, but the number of surviving cells nevertheless met the criteria for transplantation. Bone marrow mesenchymal stem cell migration was notably impaired whether P1-MAP1B expression had been elevated or diminished. Because MAP1B content was not greatly changed, we hypothesized that our intervention caused the changes in MAP1B/P1-MAP1B ratio, which further affected bone marrow mesenchymal stem cell migration. MAP1B and P1-MAP1B can induce cytoskeletal rearrangement and changes in cell polarity by the regulation of actin and microtubule function, and maintain specific microtubule dynamics in cells (Kawauchi et al., 2003; Utreras et al., 2008). Considering that MAP1B is associated with neuronal migration and that alterations in protein phosphatase 2A activity result in MAP1B phosphorylation changes, this may affect actin and microtubule functions, disrupt microtubule dynamics, cause cytoskeletal reorganization and polarity changes and damage to cell motility, ultimately resulting in the disruption of targeted bone marrow mesenchymal stem cell migration.

Protein phosphatase 2A regulates the expression of intracellular ERK1/2 (Tsuchiya et al., 2014), microtubule-associated protein (MAP)-tau (Guadagna et al., 2012) and MAP2 (Gong et al., 2000) and induces their dephosphorylation. ERK1/2 can directly or indirectly regulate downstream MAP1B phosphorylation (Goold and Gordon-Weeks, 2005; Ramos-Miguel and García-Sevilla, 2012). Protein phosphatase 2A induces ERK1/2 dephosphorylation and deactivation, indirectly suppressing MAP1B phosphorylation. MAP1B, tau and MAP2 are all microtubule binding proteins, but their functions are quite different. Knockout of MAP1B with MAP2 or tau causes serious damage to neuronal migration and the development of the nervous system, but knockout of MAP2 or tau alone does not have the same outcome (Takei et al., 2000; Zhang et al., 2014b), suggesting that MAP1B has a crucial role in the regulation of cytoskeletal reorganization during neuronal movement. Therefore, MAP1B is the main link between protein phosphatase 2A activity and bone marrow mesenchymal stem cell migration. In the present study, P1-MAP1B protein expression was significantly greater after suppression of PI3K, but lower after ERK1/2 was suppressed. P1-MAP1B affects neuronal migration *in vivo*, which is mainly regulated by the neuronal migration-related signaling molecule Reelin (González-Billault et al., 2005). Reelin activates glycogen synthase kinase 3β and cyclin dependent kinase 5, and co-induces P1-MAP1B production. It also activates PI3K and ERK1/2 signaling pathways (Simó et al., 2007), and PI3K simultaneously regulates ERK1/2 phosphorylation (Jossin and Goffinet, 2007). Zhou et al. (2005) found that PI3K indirectly suppresses P1-MAP1B production by inhibiting glycogen synthase kinase 3β phosphorylation. Consistent with our findings, a previous study found that ERK1/2 activation increased P1-MAP1B expression (Dashiell et al., 2002). PI3K in bone marrow mesenchymal stem cells regulates and induces cytoskeletal reorganization, triggers downstream signal transduction pathways, and contributes to the targeted migration of bone marrow mesenchymal stem cells (Kim et al., 2008; Monypenny et al., 2009). ERK1/2 mediates cytoskeletal reorganization and polarity changes, participates in bone marrow mesenchymal stem cell migration (Fu et al., 2009; Joiner et al., 2012; Cao et al., 2013; Jeon et al., 2013; Kwon et al., 2013; Melo et al., 2013; Hou et al., 2014; Wu et al., 2014). Our study demonstrates that PI3K and ERK1/2 in bone marrow mesenchymal stem cells affect MAP1B phosphorylation in neurons, as well as affecting targeted bone marrow mesenchymal stem cell migration. Protein phosphatase 2A directly induces P1-MAP1B dephosphorylation, regulates the dephosphorylation of signaling molecules upstream of MAP1B, and thus indirectly negatively regulates MAP1B phosphorylation levels. Our findings suggest that signal transduction molecules in bone marrow mesenchymal stem cells, such as protein phosphatase 2A, PI3K and ERK1/2, can affect bone marrow mesenchymal stem cell migration by regulating type 1 MAP1B phosphorylation. Moreover, these signaling molecules form cross-links with others at different levels in the pathway, composing a signaling network by which to regulate MAP1B phosphorylation and bone marrow mesenchymal stem cell migration (Gu et al., 2010; Mohammad-Gharibani et al., 2012; Wang et al., 2013).

In summary, the dynamic equilibrium of P1-MAP1B and MAP1B is important in the regulation of the targeted migration of bone marrow mesenchymal stem cells.
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